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Introduction
The envelope glycoprotein gp160 of HIV-1 is enzymatically cleaved during the fusion process, yielding two mature pro-teins, the transmembrane gp41 and the surface gp120 (1, 2) . HIV-1 infection is initiated by high-affinity binding of gp120 to CD4, which was identified as the primary receptor for HIV-1 (3, 4) . Recently, members of the seven-transmembrane chemokine receptor superfamily have been identified as essential cofactors for HIV-1 entry (5) , and HIV-1 cell-type tropism seems to be dictated by chemokine receptor usage. After the binding of the envelope gp120 to CD4, the chemokine receptors, CXCR4 for T lymphotropic and CCR5 for monotropic HIV-1, may either be bound by an epitope exposed on gp120, or be recruited by gp120/CD4 complex. The interaction between gp120 and coreceptors then induces a structural change in gp41 culminating in a fusogenic state (6) . Gp41 is thought to mediate fusion between viral and cellular membranes (7, 8) by the insertion of the hydrophobic amino terminus into the plasma membrane. The identity of the cell surface molecules targeted by gp41 has not been elucidated.
Although HIV-1-induced T lymphocyte suppression and depletion are central features of the immunosuppression in AIDS patients, monocyte macrophages are also targets of the virus infection. Earlier studies demonstrated that monocytes from AIDS patients exhibited a significantly compromised capacity to migrate in response to several chemotactic factors, including activated complement component C5a, the bacterial peptide fMLP, and undefined lymphocyte-derived chemotactic factors (9) . Although a number of observations have implicated gp120 in these events (9, 10) , several lines of evidence showed that gp41 also may have multiple effects on the host immune system. Soluble gp41 has been shown to induce the production of proinflammatory cytokines such as TNF ␣ and IL-1 (11) (12) (13) (14) (15) and to increase the activity of nitric oxide synthase in mononuclear phagocytes and glial cells, thus contributing to HIV-1 infection-associated dementia (16) . Gp41 was also reported to suppress human lymphocyte proliferation (17) and to favor a Th2 type immune response by inducing IL-10 production in monocytes (18). Peptides derived from an immunosuppressive domain conserved in animal and human retroviral envelope proteins, which is also present in gp41 of HIV-1, are potent inhibitors of lymphocyte proliferation in response to mitogens and monocyte migration induced by chemoattractants (19, 20) . Since chemokines are important mediators of host defense with the capacity to attract and activate different leukocyte subpopulations in the course of inflammatory and immune responses (21, 22) , we postulated that gp41 may contribute to the antiinflammatory and immunosuppressive effects of HIV-1 by interfering with chemokinereceptor interactions. Our study shows that prior exposure to gp41 inhibited the monocyte response to a variety of chemokines as well as to the bacterial fMLP by downregulating the cell surface expression of their receptors in a CD4-dependent manner.
Methods
Reagents and cells. Recombinant (r) gp41 (strain MN) and recombinant soluble CD4 were purchased from Intracel (Cambridge, MA). At the highest concentration (100 nM) tested, the gp41 preparations had Ͻ 0.2 ng/ml of endotoxin activity. The gp41 MN used in the study was more than 98% pure as confirmed by SDS-PAGE and silver staining (H. Ueda, data not shown). Monoclonal anti CD4 antibodies were purchased from Biogenesis (Poole, UK). Recombinant chemokines were purchased from PeproTech (Rocky Hill, NJ). Radioiodinated chemokines were purchased from Dupont New England Nuclear (Boston, MA). Human peripheral blood monocytes were isolated from leukapheresis packs (National Institutes of Health Clinical Center, Transfusion Medicine Department, Bethesda, MD) enriched for mononuclear cells by using isoosmotic Percoll gradient as previously described (23) . Neutrophils were isolated from granulocyte enriched blood packs with Dextran sedimentation as described (23) . The purity of the cell preparations was examined by morphology and was Ͼ 90% for monocytes and Ͼ 95% for neutrophils. The CCR5-transfected HEK 293 cells are a kind gift from Dr. P. Gray (ICOS Corp., Seattle, WA). CXCR4/Fusin cDNA was isolated in this laboratory and was transfected into 293 cells as described (24) . The viability of monocytes or HEK 293 cells before and after gp41 treatment was examined by trypan blue exclusion and was Ͼ 95% alive after up to 18 h treatment at 37 Њ C.
Flow cytometric analysis of intracellullar calcium mobilization and CCR5 expression. The Ca 2 ϩ mobilization in monocytes was measured by FACS analysis (courtesy of Ms. L. Finch, SAIC Frederick, National Cancer Institute-Frederick Cancer Research and Development Center). Monocytes (10 7 ) loaded with Indo-1 were treated with gp41 (MN, 25 nM) or medium alone for 60 min at 37 Њ C. The loaded cells were washed and resuspended in fresh medium. After stimulation with chemokines (10 nM) or fMLP (10 nM), the bound/free ratio of the dye was continuously recorded using EPICS 753 (Coulter Corp., Miami, FL). The values in the figure are percentage of responding cells.
The change of surface expression of CCR5 on monocytes was monitored by FACS analysis (courtesy of Ms. L. Finch). Monocytes (1 ϫ 10 6 ) were preincubated with medium alone, macrophage inflammatory protein (MIP)-1 ␤ 1 (120 nM), gp41 (MN, 5 nM), anti-CD4 mAbs A6 (10 g/ml), PMA (1 ng/ml), or anti-CD14 (10 g/ml) for 60 min at 37 Њ C. After incubation, the cells were washed and stained with control rabbit serum or rabbit polyclonal anti-CCR5 antiserum (kind gift from Dr. Philip M. Murphy, National Institutes of Health, Bethesda, MD), followed by FITC anti-rabbit antibody. Stained cells were analyzed on EPICS profile (Coulter Corp.).
Chemotaxis assays. Chemotaxis assays were performed using a 48-well chemotaxis chamber (Neuroprobe, Cabin John, MD) as described previously (23, 24) . Chemoattractants were placed in the lower wells of the chamber, 50 l cell suspension (2 ϫ 10 6 /ml for monocytes or neutrophils, 1 ϫ 10 6 /ml for HEK 293 cells) were placed in the upper wells. The upper and lower wells were separated by a 5-m-pore size polycarbonate filter. For HEK 293 cells the 10-mpore size filter was precoated with collagen IV as described (24) . After incubation (90 min for monocytes, 60 min for neutrophils, 300 min for 293 cells) at 37 Њ C, the filters were removed and stained; the cells migrated across the filters were counted after the samples were coded. Results were calculated as the mean ( Ϯ SD) number of migrated cells in three high-powered light microscopy fields in triplicate samples. The chemotaxis index (CI) represents the fold increase in cell migration in response to chemoattractants versus medium control. In chemotaxis inhibition experiments, monocytes (or neutrophils) and HEK 293 cells transfected with chemokine receptors were preincubated with chemoattractants or gp41 for 30 or 60 min at 37 Њ C, then washed three times with PBS. The cell migration in response to various chemoattractants was then assessed and computed as described above. After subtraction of background migration (in response to medium), the percentage inhibition of chemotaxis to a given chemoattractant was calculated by the formula: (1 Ϫ migration of cells preincubated with gp41/migration of cells preincubated with medium) ϫ 100.
Binding assays. Binding assays were performed by preincubating duplicate samples of monocytes (2 ϫ 10 6 ) or chemokine receptor transfected 293 cells (1 ϫ 10 6 ) with different concentrations of gp41 for 60 min at 37 Њ C in a volume of 200 l/sample of binding medium (RPMI 1640, 1% BSA, 5 mM Hepes, and 0.05% NaN 3 ). 0.12 nM radiolabeled chemokines was then added to each sample. To parallel duplicate samples, different concentrations of gp41 or unlabeled chemokines (as control) were added simultaneously with radiolabeled chemokines. After incubation at room temperature for 40 min, the cells were centrifuged through a 10% sucrose/PBS cushion and the cellassociated radioactivity was measured in a gamma counter. The percentage inhibition of chemokine binding on monocytes after treatment with gp41 was calculated by the formula: (1 Ϫ counts per minute associated with cells in the presence of gp41/counts per minute associated with cells with medium alone) ϫ 100.
To determine the change in the number of binding sites and affinity for a given chemokine, cells were preincubated with or without gp41 (5 nM) for 60 min at 37 Њ C. The duplicate monocyte samples were then incubated with 0.12 nM radiolabeled chemokines in the presence of increasing concentrations of unlabeled chemokines. The cells were pelleted after incubation for 40 min at room temperature and measured for radioactivity. The binding data were analyzed with a Macintosh computer program LIGAND (Dr. P. Muson, Division of Computer Research and Technology, National Institutes of Health, Bethesda, MD).
Confocal microscopy. Internalization of CXCR4/Fusin by pretreatment of CD4 ϩ /CXCR4 ϩ HEK293 cells with gp41 and anti-CD4 antibody was examined with confocal microscopy. HEK293 cells expressing CXCR4 and intact CD4 were pretreated for 3 h at 37 Њ C with gp41 (25 nM) or anti-CD4 mAb (A6; 5 g/ml). The cells were centrifuged onto slides and permeabilized. The slides were then stained with an anti-CXCR4/fusin mAb (12G5) followed by incubation with FITC-labeled goat anti-mouse IgG F(ab Ј ) 2 fragments. Slides were examined using a confocal laser scanning microscope (model 310; Carl Zeiss, Inc., Thornwood, NY). Nomarski, FITC (488 nm, green) and DAPI (ultraviolet 364 nm, blue) images were prepared for each specimen and colored images were superimposed on Nomarski.
Statistical analysis. All experiments were performed at least three times and the results presented are either from a representative experiment or from a pool of experiments as indicated. The significance of the difference between experimental and control groups was analyzed with Student's t test.
Results
Gp41 inhibits the monocyte response to chemokines and fMLP. We first asked whether gp41 had the capacity to suppress monocyte responses to chemokines. Recombinant gp41 of the MN strain over a wide range of concentrations (0.1-100 nM) did not induce Ca 2 ϩ mobilization in human monocytes (data not shown). This gp41 also did not desensitize subsequent (within 100 s) monocyte Ca 2 ϩ mobilization induced by chemokines or the bacterial fMLP (not shown). We therefore investigated whether a more prolonged incubation with gp41 could affect the monocyte response. As Fig. 1 shows, preincubation of monocytes with gp41 (5 nM) for 1 h at 37 Њ C significantly reduced the Ca 2 ϩ mobilization induced by CC chemokines MIP-1 ␣ and RANTES as well as CXC chemokine stromal cell-derived factor (SDF)-1 ␣ (10 nM) ( Fig. 1 B ) . The Ca 2 ϩ mobilization in response to fMLP ( Fig. 1 B ) and monocyte chemotactic protein (MCP)-1 (not shown) was also significantly reduced by preincubation of monocytes with gp41.
We next examined the effect of gp41 on the directional migration of monocytes induced by a variety of chemoattractants. Incubation of monocytes with gp41 (0.5 nM) for 60 min at 37 Њ C markedly reduced their chemotactic response to CC chemokines that utilize various CC chemokine receptors including CCR5, as well as to SDF-1 ␣ , the ligand for CXCR4/ Fusin (Table I ). The inhibition of monocyte migration by gp41 could also be demonstrated for fMLP, which utilizes a receptor structurally related to chemokine receptors. Gp41 itself did not induce significant migration of human monocytes and monocytes preincubated for only 30 min at 37 Њ C with gp41 did not show reduced migration in response to chemokines or fMLP (data not shown).
Since gp41 did not affect the chemotactic response of CD4 Ϫ neutrophils to fMLP or IL-8 (Table I) , we investigated whether the inhibitory activity of gp41 required the presence of additional cellular molecules such as CD4, which are absent on neutrophils. Gp41 failed to inhibit the migration of CCR5transfected HEK 293 cells lacking CD4 in response to the ligand MIP-1 ␤ (data not shown). In contrast, CCR5/293 cells that were additionally transfected with CD4 migrated in response to MIP-1 ␤ and this migration was significantly inhibited when the cells were preincubated with gp41 (Table II) . Preincubation of gp41 with a soluble CD4 significantly reduced the inhibitory effect of gp41 on monocyte migration induced by chemokines and fMLP (Table I ). These observations suggest that the suppressive activity of gp41 on chemokine receptor-mediated cell migration requires binding to cell-associated CD4, while soluble CD4 interacts with and reduces the effect of gp41 on monocyte response to chemokines and fMLP.
GP41 downregulates chemokine receptor expression on monocytes.
In an effort to define the mechanism(s) of the suppressive effects of gp41 on monocyte responses to chemokines, we evaluated the consequences of exposure to gp41 on monocyte binding of chemokines. The direct effect of gp41 on chemokine binding was investigated by adding soluble gp41 and radiolabeled chemokines simultaneously to human pe- *Recombinant gp41 (0.5 nM) was preincubated in the presence or absence of sCD4 (10 nM) for 30 min at 37 Њ C, then was further incubated with monocytes for 60 min at 37 Њ C. After washing, the cell migration in response to chemokines (10 nM) or fMLP (10 nM) was determined. The chemotaxis index represents the fold increase in cell migration to chemoattractants versus medium (chemotaxis index ϭ 1). ‡ P Ͻ 0.01 (Student's t test) compared with the migration of monocytes preincubated with medium alone. § P Ͻ 0.01 (Student's t test) compared with the migration of monocytes preincubated with gp41 alone.
ripheral blood monocytes. While all unlabeled chemokines (60-120 nM) showed the expected competition for binding by radiolabeled ligands (Fig. 2, horizontal lines ) , gp41 did not compete directly for binding sites with radiolabeled chemokines on monocytes or neutrophils (Fig. 2, hatched bars ) . However, when monocytes were preincubated with gp41 at 37 Њ C for 60 min, they showed a significantly reduced capacity to bind chemokines (Fig. 2, A-E , shaded bars ) . The 50% inhibitory concentration values for gp41 inhibition of monocyte binding of chemokines were in the pM range (0.1, 0.2, 0.5, 0.6, and 0.4 nM for MIP-1 ␤ , MIP-1 ␣ , RANTES, MCP-1, and MCP-3 respectively), indicating a highly potent suppressive activity of gp41 on the monocyte expression of chemokine-binding sites. Consequently, preincubation of monocytes with gp41 not only markedly inhibited their capacity to bind MIP-1 ␤ , which uses exclusively CCR5 (25) (26) (27) , but also inhibited their binding of MIP-1 ␣ and RANTES which in addition use CCR1 (28, 29) and other C-C chemokine receptors (21, 22) . Furthermore, the capacity of monocytes to bind 125 I-MCP-1 and 125 I-MCP-3 was also significantly inhibited by preincubation of the cells with gp41 (Fig. 2, D and E ) , even though these chemokines have been reported to predominantly use CCR2B and/or CCR1 (24, 30, 31) . Thus, gp41 appears to desensitize a wide range of CC chemokine receptors. In contrast, preincubation with gp41 did not inhibit the neutrophil binding of the CXC chemokine IL-8, a potent chemotactic factor for neutrophils rather than monocytes (Fig. 2 F ) , which is in agreement with a preferential suppression of monocyte response to chemokines by gp41 as seen in chemotaxis experiments.
The effect of gp41 on the cell surface expression of CCR5 on monocytes was analyzed and confirmed by using a specific anti-CCR5 antibody and FACS. A substantial proportion of human monocytes (84%) expressed CCR5 on the cell surface ( Fig. 3 A , shaded peak ) and treatment of the cells at 37 Њ C for 60 min with a native CCR5 ligand MIP-1 ␤ completely downregulated CCR5 expression ( Fig. 3 B ) . When cells were treated with gp41 (5 nM, Fig. 3 C ) or an anti-CD4 mAb ( Fig. 3  D ) , the surface expression of CCR5 was also downregulated to control levels, whereas an anti-CD14 mAb had no effect ( Fig.  3 F) . PMA, a protein kinase C (PKC) activator which has been reported to downregulate HIV-1 coreceptor (32), was used as a positive control and PMA markedly downregulated the expression of CCR5 ( Fig. 3 E) . The opposite effect was obtained with a PKC inhibitor calphostin C. As Fig. 3 G shows, monocytes preincubated with calphostin C maintained a high-level expression of CCR5 on the cell surface after gp41 treatment. Furthermore, in ligand binding experiments, calphostin C and another PKC inhibitor, staurosporine, could partially maintain the expression of chemokine-binding sites for CC chemokines as well as CXC chemokine SDF-1␣ (Table III) . These results suggest that PKC-mediated cell signaling events were involved in the downregulation of a variety of chemokine receptors by gp41 on monocytes.
The effect of gp41 is CD4 dependent. To directly visualize the localization of chemokine receptor after gp41 treatment, we used confocal microscopy of HEK293 cells overexpressing CXCR4 (CXCR4/293 cells). SDF-1␣, which is a native ligand Anti-CD4 (A6, 10 g/ml)
Anti-CD4 (E9, 10 g/ml) MIP-1␤ (12 nM) 15.3Ϯ1.5 6.3Ϯ2.0 (63) ‡ 7.8Ϯ1.1 (52) § 6.9Ϯ0.8 (38) § *CCR5/293 cells were transfected with CD4 and were preincubated for 10 h with gp41 (MN) or anti-CD4 antibodies at 37ЊC. Cell migration in response to MIP-1␤ was then evaluated. The chemotaxis index represents the fold increase in cell migration in response to chemokine versus medium (chemotaxis index ϭ 1). ‡ P Ͻ 0.05 (Student's t test) compared with the migration of monocytes preincubated with medium alone. § P Ͻ 0.01. Figure 2 . Effect of gp41 on the capacity of monocytes to bind chemokines. Monocytes were preincubated in duplicate with medium alone or different concentrations of gp41 (MN) for 60 min at 37ЊC. 125 I-labeled chemokines were added and the cultures were continued for 40 min at room temperature. The cells were then centrifuged through a sucrose cushion and measured for radioactivity. Direct competition experiments were performed in parallel by adding different concentration of gp41 simultaneously with 125 I-labeled chemokines to duplicate monocyte samples. Unlabeled chemokines were used as control competitors. The cells were incubated at room temperature for 40 min and harvested. One of three representative experiments is shown. Shaded bars, percent reduction of monocyte binding for chemokines. for CXCR4, caused internalization of CXCR4 in both CD4 ϩ and CD4 Ϫ CXCR4/293 cells (Fig. 4, B and F) as stained by an anti-CXCR4 mAb. Preincubation with gp41 caused marked internalization of CXCR4 ( Fig. 4 C) in CXCR4/293 cells provided they were cotransfected with CD4, but not in CXCR4/ 293 cells lacking CD4 (Fig. 4 G) . Confocal microscopy also revealed that gp41 MN induced internalization of CCR5 in 293 cells transfected with CCR5 and CD4 (data not shown), in agreement with the results of FACS analysis of gp41-treated monocytes (Fig. 3 ). In addition, as observed in FACS analyses of CCR5 on monocytes, anti-CD4 antibody also caused downregulation from the cell surface and intracytoplasmic localization of CXCR4 in CXCR4/293 cells coexpressing CD4 (Fig. 4  D) . These observations further document the requirement of CD4 for gp41 to downregulate cell surface expression of chemokine receptors.
Gp41 has been reported to stimulate monocytes to produce cytokines and nitric oxide synthase suggesting that gp41 transduces signals and activates monocytes (11) (12) (13) (14) (15) . We also showed in this study that gp41 downregulated chemokine receptors on monocytes by activating a PKC-mediated signaling pathway. Since the effect of gp41 on chemokine receptor expression was CD4 dependent, we investigated whether CD4 indeed could mediate signal transduction induced by gp41. We compared the suppressive effect of gp41 on CCR5/293 cells cotransfected with an intact CD4 or with a CD4 lacking its cytoplasmic tail (tailless). The binding capacity of the CCR5/293 cells transfected with intact CD4 was inhibited by gp41 or anti-CD4 antibody (Table IV) . In contrast, the ability of HEK 293 cells to bind MIP-1␤ could not be inhibited by preincubation of the cells with gp41 or anti-CD4 antibody if the cells expressed CCR5 and a tailless CD4. This suggests that CD4 is an active signal transducer rather than a passive participant in the downregulation by gp41 of chemokine receptors.
Discussion
This study, to our knowledge, represents the first observation that the HIV-1 envelope gp41 interacts with CD4 on monocytes at nanomolar concentrations, and is a potent inhibitor of chemokine receptor expression and function. In our studies we used recombinant gp41 from the laboratory adapted MN strain of HIV-1, which nevertheless reacts with antibodies present in the serum of HIV-1-infected patients. In addition, the ectodomains of gp41 from two other T cell tropic HIV-1, IIIB and HXB2, after incubation with monocytes, also markedly reduced the cell surface expression and function of CXCR4 and CCR5 (data not shown). Although gp41 derived from monocyte tropic HIV-1 was not available to us, our observations demonstrate that gp41 derived from T cell strains could affect both CXC4 and CCR5, suggesting that the effect is not restricted by the viral tropism. Moreover, since gp41 also inhibited monocyte responses to MCP-1, MCP-3, and fMLP, ligands that do not use major HIV-1 fusion cofactors CXCR4 or CCR5, gp41 causes a broader suppression of chemoattractant-induced monocyte function.
In our experiments, incubation of monocytes with gp41 for 1-6 h, did not change the mRNA expression of CXCR4 or CCR5, nor did gp41 induce a signicant increase in chemokine protein production or mRNA expression by the cells (data not shown), suggesting that gp41-induced chemoattractant receptor downregulation is not due to overproduction of endogenous chemokines. These results indicate that the effects of gp41 is not occurring at the transcriptional level. It is also unlikely that a cytotoxic effect of gp41 used in our study is responsible for the loss of the capacity of monocytes to bind and to respond to chemokines, since monocytes treated with gp41 for up to 12 h were viable and did not show evidence of apoptosis as judged by FACS analysis. The suppressive effect of gp41 on monocyte chemoattractant receptors is neutralized by an anti-gp41 mAb, suggesting that a contaminant was not responsible (data not shown). In addition, when monocytes were extensively washed after incubation with gp41, the capacity of the cells to bind chemokines recovered within 3-6 h (data not shown). These observations suggest that the suppression of chemoattractant receptors by gp41 most closely resembles a process of heterologous desensitization, but in an atypical fashion, since it involved the participation of CD4. Monocytes were preincubated with (A) medium alone, (B) MIP-1␤ (120 nM), (C) gp41 (MN, 5 nM), (D) anti-CD4 mAb (clone A6, 10 g/ml), (E) PMA (1 ng/ ml), or (F) anti-CD14 antibody (10 g/ml) for 60 min. In G, monocytes were first treated with calphostin C (100 ng/ml for 4 h at 37ЊC), followed by 1 h incubation with 5 nM gp41. After washing, cells were stained with control rabbit serum or rabbit polyclonal anti-CCR5 antiserum (kind gift from Dr. Philip M. Murphy of National Institutes of Health, Bethesda, MD), followed by FITC-conjugated anti-rabbit IgG antibody. The percentage of cells positively stained with anti-CCR5 antibody is shown in each panel. Data are from one experiment out of three performed.
Although it is known that during the process of cell entry, the envelope protein gp120 of HIV-1 binds to CD4, followed by an interaction with chemokine receptors such as CCR5 and CXCR4, a cellular receptor for gp41 has not been identified to date. While several cellular protein species other than CD4 have been implicated as binding proteins for gp41 (33) (34) (35) (36) , it is the hydrophobicity of gp41 that is believed to play a major role in membrane fusion by insertion of its amino terminus into target cells (1, 2, 6) . In a recent study (37), Ugolini et al. reported on an initial interaction between gp120 and CD4 on T cells that subsequently recruited and internalized CXCR4. However, gp41 was not reported to have such an interaction with CD4. On the other hand, the binding of gp160 to soluble CD4 did change the structure of gp120 and gp41, facilitating their interaction with target cells (38) . Our results suggest that CD4 on monocytes also functions as a receptor for gp41, as demonstrated by: (i) the reduction by soluble CD4 of the suppressive effect of gp41; and (ii) the observation that the effect of gp41 was detected only on CD4 ϩ monocytes and 293 cells expressing both CD4 and chemokine receptors. (iii) Unlabeled gp41 competes with radiolabeled gp120 for binding to CD4, although with a relatively lower affinity than gp120 itself (Ueda et al., data not shown). These results suggest that gp41 indeed interacts with cellular CD4 to negatively regulate the expression and function of chemoattractant receptors. How does interaction of gp120 or gp41 with CD4 result in suppression of chemokine receptor expression and functions? CD4 was originally identified as a phenotypic marker and subsequently a high-affinity receptor for HIV-1 envelope protein gp120 (3, 4) . CD4 also facilitates T cell function by binding to the nonpolymorphic region of the MHC class II antigens expressed on the surface of antigen presenting cells. A suppressive role for CD4 in the activation of T lymphocytes was indicated by the observations that anti-CD4 antibodies inhibited a variety of T lymphocyte effector functions in vitro (reviewed in ref. 39 ). CD4 contributes directly to signal transduction by its cytoplasmic domain through association with the src-like protein tyrosine kinase p56 lck in T lymphocytes (39) . Expression of activated lck in turn has been shown to downregulate the T cell receptor (40) . However, the precise role of CD4 on monocytes/macrophages is unclear except for its capacity to act as a receptor for IL-16 (41) and as a fusion cofactor for monocyte tropic strain of HIV-1.
Although G protein-mediated signaling is not involved in HIV-1 entry, the ability of HIV-1 evelope proteins to induce cell signaling has been well documented. Gp160 of the monocyte tropic HIV-1 induced chemotaxis and Ca 2ϩ mobilization in CD4/CCR5 ϩ T lymphocytes (42) , and the interaction of HIV-1 envelope protein with CCR5 or CXCR4 in the presence of CD4-activated protein tyrosine kinase (43) . The activation of PKC has been reported to be a crucial signaling pathway that mediates the cross-desensitization of G protein-coupled receptors (44) and ligation of cellular CD4 by gp120 or anti-CD4 antibody could lead to PKC activation (45, 46) . PMA, a potent PKC activator, which desensitizes a variety of chemoattractant receptors, was reported to downregulate HIV-1 fusion cofactor CXCR4 and its effect was reversed by the PKC inhibitor staurosporine (32, 47). We also found that, like gp41 in this study, gp120 of the various HIV-1 strains downregulated chemokine receptor expression on monocytes. Monocytes pretreated with staurosporine were resistant to the inhibitory effect of gp120 (47a). Our experiments indicated that gp41, as well as gp120 and anti-CD4 antibody, all stimulated the activation of PKC in monocytes (Evans et al., data not shown) suggesting that PKC activation plays an important role in HIV-1 envelope-induced chemokine receptor downregulation in monocytes. Although unlike gp120 which was moderately chemotactic for monocytes (data not shown), gp41 did not mobilize monocytes, gp41 does have other cell-activating effects, as demonstrated by its ability to induce proinflammatory cytokines and nitric oxide synthase in phagocytic cells and glial cells (11) (12) (13) (14) (15) . Our present observation provides strong evidence that the suppressive effect of gp41 on monocyte chemoattractant receptors is dependent on PKC-mediated cell activation.
The in vivo pathophysiological significance of the suppression of chemokine receptors by gp41 remains to be determined. Monocytes isolated from HIV-1 infected individuals showed remarkably reduced chemotactic response to a number of chemoattractants (9) . The HIV-1 envelope gp120 has been reported to cause the downregulation of the receptors for fMLP and C5a (10) and we have shown that a variety of chemokine receptors are suppressed by gp120 in association with reduced cell migration to these chemoattractants (47a). Although the effect of gp41 on immune cells in vivo is yet to be clarified, the available evidence suggests that gp41 interacts with host cells and induces potent host-antibody responses. During viral fusion, the envelope gp120 is proteolytically cleaved from gp41 after binding to cellular coreceptors leading to the exposure of gp41 (48), which presents a fusion domain to the cell membrane. In addition, anti-gp41 antibodies can be detected in early stages of HIV-1 infection when the viral titer *CCR5/293 cells were infected with control vaccinia virus, or recombinant vaccinia virus encoding tailless CD4 (VCB2) or intact CD4 (VCB7) at 37ЊC for 1 h, at multiplicity of infection of 5 in DME containing 2% FCS and antibiotics. The cells were washed and were cultured for 10 h at 37ЊC in DME containing 10% FCS, and antibiotics. The cells were then gently detached with trypsin/EDTA, resuspended in binding medium, aliquoted, and incubated for 10 h in the presence or absence of gp41 or anti-CD4 mAb. Binding assays using 125 I-MIP-1␤ were performed at room temperature for 40 min. ‡ Cells were preincubated with medium and binding was performed in the presence of 120 nM unlabeled MIP-1␤. § Significant inhibition of 125 I-MIP-1␤ binding compared with cells preincubated with medium alone (P Ͻ 0.05).
has passed its peak (48). Furthermore, gp41 has been implicated as a major causal factor of AIDS-associated dementia and antigenic gp41 but not gp120, was detected in patients' brain tissue (16) . Therefore, the inhibitory effects of gp41 on chemoattractant receptors and its ability to modulate Th2 cytokine production may have in vivo relevance in AIDS-associated immune suppresion (15) (16) (17) 19) . Further experiments are being performed in this laboratory to investigate the effect of epitopes from gp41 on chemokine receptor expression and function. We observed that a gp41 peptide segment that has been shown to inhibit HIV-1 entry and replication (49) potently activates human monocytes through a G protein-mediated signaling pathway, supporting the notion that gp41 may downregulate chemoattractant receptors by a heterologous desensitization mechanism. Since chemokines are involved in many pathological states (21, 22) , design of inhibitory agents based on the HIV-1 envelope proteins may lead to the development of therapeutic modalities for treatment of chemokinemediated pathology.
